Mycobacteria are known to acquire resistance to the antituberculous drug pyrazinamide (PZA) through mutations in the gene encoding pyrazinamidase (PZase), an enzyme that converts PZA into pyrazinoic acid, the presumed active form of PZA against bacteria. Additional mechanisms of resistance to the drug are known to exist but have not been fully investigated. Among these is the non-uptake of the pro-drug, a possibility investigated in the present study. The uptake mechanism of PZA, a requisite step for the activation of the pro-drug, was studied in Mycobacterium tuberculosis. The incorporation of [14C]PZA by the bacilli was followed in both neutral and acidic environments since PZA activity is known to be optimal a t acidic pH. By using a protonophore (carbonyl cyanide m-chlorophenylhydrazone; CCCP), valinomycin, arsenate and low temperature, it was shown that an ATP-dependent transport system is involved in the uptake of PZA. Whilst the structurally analogous compound nicotinamide inhibited the transport system of PZA, other structurally related compounds such as pyrazinoic acid, isoniazid and cytosine did not. Acidic conditions were also without effect. Based on diffusion experiments in liposomes, it was found that PZA diffuses rapidly through membrane bilayers, faster than glycerol, whilst the presence of OmpATb, the porin-like protein of M. tuberculosis, in proteoliposomes slightly increased the diffusion of the drug. This finding may explain why the cell wall mycolate hydrophobic layer does not represent the limiting step in the diffusion of PZA, as judged from comparative experiments using a M. tuberculosis strain and its isogenic mutant elaborating 40 O/ O less covalently linked mycolates. PZase activity, and PZA uptake and susceptibility in different mycobacterial species were compared. M. tuberculosis, a naturally PZA-susceptible species, was the only species that exhibited both PZase activity and PZA uptake; no such correlation was observed with the four naturally resistant species examined. Mycobacterium smegmatis possessed a functional PZase but did not take up PZA; the reverse was true for the PZase-negative strain of Mycobacterium avium used, with PZA uptake comparable to that of M. tuberculosis. Mycobacterium bovis BCG and Mycobacterium kansasii exhibited neither a PZase activity nor PZA uptake. These data clearly demonstrate that one of the mechanisms of resistance to PZA resides in the failure of strains to take up the drug, indicating that susceptibility to PZA in mycobacteria requires both the presence of a functional PZase and a PZA transport system. No correlation was observed between the occurrence and cellular location of PZase and of nicotinamidase in the strains examined, suggesting that one or both amides can be hydrolysed by other mycobacterial amidases.
INTRODUCTION
Tuberculosis remains a major public health problem, claiming three million deaths annually in developing countries ; the resurgence of the disease in industrialized countries and the emergence of multidrug-resistant mycobacteria have renewed interest in understanding the molecular mechanisms of drug resistance in these pathogens. In combination with the widely used frontline antituberculous drugs isoniazid (INH) and rifampicin, other drugs have been proved useful in the treatment of tuberculosis. Among these, pyrazinamide (PZA) has a special place in that it appears to kill a population of semi-dormant tubercule bacilli that are not affected by other antituberculous drugs (McCune et al., 1956) , shortening the duration of treatment from the earlier norm of 12-18 months to the current standard of 6 months. Although PZA has long been known to be active in humans with pulmonary tuberculosis (Yeager, 1952) and is used in routine chemotherapy for tuberculosis, its mechanism of action is still obscure.
It was an early observation (Konno et al., 1967; McClatchy et al., 1981) that the resistance of clinical isolates of Mycobacterium tuberculosis to PZA correlates with the absence of an amidase activity, pyrazinamidase (PZase). This enzyme transforms PZA into pyrazinoic acid (POA), a substance which is supposed to be the active molecule against M . tuberculosis, even though no target has yet been experimentally identified. Indeed, tubercle bacilli are not inhibited by PZA when tested in vitro in a neutral environment, whilst they become susceptible to the drug when tested in an acidic environment in vitro (McDermott & Tompsett, 1954) or within monocytes (Mackaness, 1956) . Furthermore, the gene encoding M . tuberculosis PZase (pncA) has been cloned recently and mutations in pncA were identified in both acquired PZA-resistant clinical isolates of M . tuberculosis and naturally PZA-resistant strains of Mycobacterium bovis (Scorpio & Zhang, 1996) . Transformation of these strains with a functional pncA gene restored PZase activity and PZA susceptibility (Scorpio & Zhang, 1996) . Whilst the above data clearly establish that PZase is involved in the action of the pro-drug PZA, other published observations remain to be explained.
For instance, transformation with the pncA gene of a PZase-positive strain of Mycobacterium avium conferred PZA susceptibility to PZA-resistant M . tuberculosis complex organisms, indicating that resistance to the drug is not due only to the mutations in pncA (Sun et al., 1997) . Likewise, some strains of M . tuberculosis (Butler & Kilburn, 1983) , Mycobacterium smegmatis and M . avium (Konno et al., 1967) possess a PZase activity but are resistant to PZA, further demonstrating the existence of alternative mechanisms of resistance to PZA.
In addition to mutations in genes encoding the activation of drugs, micro-organisms are known to have developed several other strategies to resist being killed by chemotherapeutic agents (Davies, 1994; Neu, 1992; Nikaido, 1994; Spratt, 1994) . These include mutations in the genes encoding drug targets, lack of or a decrease in transport of drugs, the operation of efflux pumps and the production of drug-inactivating enzymes. In the case of PZA, no such mechanism is known to occur and PZA uptake by mycobacteria has not been studied to date. Consequently, as an attractive hypothesis, we examined the possibility that mycobacterial resistance to PZA may be due to the lack of uptake of the pro-drug. We first studied the uptake of PZA in the PZA-sensitive strain H37Rv of M . tuberculosis, and then compared it to that occurring in four mycobacterial species differing from one another by their PZase activity and susceptibility to the drug. (Jackson et al., 1999) , were inoculated by loop (roughly 10 mg wet wt bacteria) into 100 ml Sauton's medium (Sauton, 1912) in 250ml flasks and incubated at 37°C as surface pellicles for 2-4 weeks. A PZA-negative strain of M . avium (ATCC 15769) and M . smegmatis mc2 155 were grown with shaking on 7H9 Middlebrook broth (Difco) enriched with 0.5% Casitone and containing 0.2% (w/v) glyc 91 at 37 "C. Tritium labelling of bacteria. Background labelling of bacterial cells by [3H]uracil was used to solve the problem of quantification of the mycobacterial biomass, one of the wellknown experimental difficulties with these organisms since they usually form large clumps in culture. Thus, the problem was solved by relating the counts of the 14C-labelled compound to those of the [3H]uracil labelling (Bardou et d., 1998) .
METHODS
Bacteria were harvested by pouring off the medium and dispersed by gentle shaking with glass beads (Ortalo-Magne et al., 1995) . Declumped cells were resuspended in 20 ml fresh Sauton's medium containing [5,6-3H] uracil (0.37 MBq ml-l) ; the bacterial suspensions were sedimented for 10 min to remove clumps and the supernatants were collected for overnight growth. At least 90% of the mycobacteria are individualized by this method and the remaining 10% form small aggregates containing two or three bacilli (N'Diaye et al., 1998) . Labelled cells were collected by centrifugation (3000g, 10 min), washed and suspended in the transport buffer (HEPES, pH 7.2). In some experiments, aliquots of the cell suspension were dried, weighed and counted to correlate 3H-labelling with cell dry weight.
Transport. Transport measurement was carried out in a 1 ml assay in HEPES buffer (25 mM, pH 7.2) without added carbon source, except when otherwise stated, at room temperature (23 "C), under continuous shaking. These correspond to optimal conditions for transport measurements, as previously determined (Bardou et al., 1998) . Each assay contained between 30 and 40 mg cell dry weight and 3 . 8 5~ lo-" M [14C]PZA. To minimize hazard, one of the experimental difficulties with studying transport using pathogenic mycobacterial species such as M . tuberculosis, cells were centrifuged through silicone oil instead of using the conventional filtration method to separate the labelled cells from the transport medium (Bardou et al., 1998) . Aliquots of 0.1 ml Pyrazinamide uptake by mycobacteria were taken at timed intervals, layered on the surface of Eppendorf tubes containing 0.25 ml oil (silicone oil/paraffin oil, 1:0.2, v/v) and immediately centrifuged at 13000g for 1 min as previously described (Bardou et al., 1998) . Centrifuge tubes were rapidly frozen in dry ice and the pellets recovered by cutting off the conical tips of the tubes into the counting vial. Forty min sonication in a bath was necessary to disperse the pellet in the scintillation liquid. Counting was performed on a Pxkard Tricarb 1900 TR scintillation counter using a 'H/14C program. Uptake determinations were repeated in at least three independent experiments. To distinguish the inherent and rapid labelling associated with binding to the outer cell envelope from transport, i.e. the labelling inside the cells, uptake values were corrected for the residual radioactivit!. at time zero (the time at which centrifugation was started).
When used, arsenate (50 mM final concentration) and car-bony1 cyanide m-chlorophenylhydrazone (CCCP ; M final concentration) were added 15 min before starting the uptake experiments. Experiments at 4 "C were performed with cells preincubated for 1 h in melting ice. Determination of PZase activity. This was done according to Bonicke (1962) as modified by Wayne (1974) . About 15 mg (wet wt) cells, 5 mg crude bacterial extracts (prepared as previously described by Raynaud et al., 1998) , or 0.3 ml culture filtrate was incubated at 37 "C with 20 pl PZA (64 mM) for 24 h, prior to the addition of 0.2 ml freshly prepared ferrous ammonium sulfate (1 O/O, w/v, in water). The mixture was refrigerated for 4 h before use. The appearance of a pink colour indicated the release of POA. Fresh Sauton's medium was used as negative control. Production of culture filtrates. The pellicle growth conditions enabled cells to be easily harvested by permitting the medium to be collected whilst the pellicles remained attached to the flasks. The culture medium was sterilized by filtration through a 0.2 pm Nalgene filter (Nalge) and concentrated under vacuum to one-tenth of the initial volume. Protein concentration was determined by the Coomassie blue reaction (Bio-Rad protein assay) and filtrates were adjusted to 100 pg protein tnl-' by dilution.
Isolation of surface-exposed materials. Surface-exposed materials were recovered from the harvested bacteria as previously described (Ortalo-Magne et al., 1995) . Mycobacterial cells were gently shaken for 1 min with 10 g glass beads (4 mm diameter) per 2 g (wet wt) cells. The resulting decluniped cells were suspended in distilled water (50 ml per flask) and the material removed from the bacteria was immediately sterilized by filtration as described above. The preparations were concentrated under vacuum to adjust their protein concentration to SO pg ml-'. Diffusion into liposomes and proteoliposomes. Liposomes were prepared with 57 pmol phosphatidylcholine and 2.3 pmol phosphatidylglycerol. Optical density changes in liposome suspensions were measured with a Uvikon UV 333 spectrophotometer ; recorded data were converted to commaseparated value files as previously described (Senaratne et al., 1998) . The liposome swelling assays in isotonic solutions (25 mhl) of sucrose, glycerol and PZA were followed over a 2 min period. A decrease in the optical density corresponds to swelling of liposomes. Porin-containing liposomes (proteoliposomes) were prepared and assayed as previously described 
M . avium (SO-SO% of strains belonging t o this species
a r e recorded in t h e literature a s being PZA-positive) a n d M. kansasii, but w a s found in both whole cells a n d lysate of the fourth PZA-resistant strain, M. smegmatis (Table 1) . Thus, the lack of detection of enzyme activity in some of the strains is probably d u e t o loss of enzyme activity rather t h a n a n insensitive nature of the enzyme assay used since PZase-positive mycobacterial strains, including M. avium, a r e easily detectable using whole cells (see, for example, T a c q u e t et al., 1967; T s u k a m u r a & T s u k a m u r a , 1966). It follows then that PZase is n o t located o n the surfaces of t h e mycobacteria examined but may be present in inner compartments of both P Z Asusceptible a n d -resistant bacterial cells.
PZA uptake by M. tuberculosis H37Rv
Since the mycobacterial PZase is n o t surface-located, PZA has t o be taken u p by the bacterial cells a n d converted into POA, its presumed active form. As PZA is k n o w n t o be inactive against the tubercle bacillus PZase and nicotinamidase activities were determined in the culture filtrates (devoid of lysis markers), bead-extracted materials and cell sonicates from the species examined as described in the Methods section and by Raynaud et al. (1998) , respectively. When the activity was detected in the cell sonicates but not in the extracellular and surface-exposed materials, the enzyme was considered as having an internal location. PZA uptake was determined using [14C]PZA (see Fig. 5 ) .
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*This strain takes up PZA but at a lower rate than M. tuberculosis and M . avium (see Fig. 5 ) . under the normal neutral p H culture conditions and active in acidic (pH 5.5) medium (McDermott & Tompsett, 1954) , the uptake of the drug was followed at both pH 5.5 and 7.5. Interestingly, no obvious difference was observed between the accumulation of radiolabelled PZA by M. tuberculosis in the two pH conditions, both in terms of initial uptake velocity and accumulation plateau, suggesting that the observed higher efficiency of the drug at acidic pH is not due to an increase in uptake of the drug. The drug was rapidly taken up by the cells for the first 20 min, followed by a plateau phase;
assuming a bacterial cell volume of 2.4-3-0 pl (mg dry wt)-l (Wang & Takayama, 1972; Youatt & Tham, 1969) at the plateau the drug was concentrated 5-4-6-2fold within cells (Fig. 1) .
We recently showed that INH, a structural analogue of nicotinamide and PZA, enters M. tubercufosis cells by passive diffusion (Bardou et af., 1998) . Unlike the two other transport systems used by cells to achieve the uptake of compounds, i.e. facilitated diffusion or active transport, no protein is implicated in passive diffusion of molecules. Thus, we first looked for this latter phenomenon in the transport of PZA by performing the transport experiments in melting ice, an experimental condition known to abolish both facilitated diffusion and active transport. In contrast to what was observed for INH, the uptake of PZA was completely abolished at 4 "C ( Fig. 2a) , as previously shown for the uptake of glycerol, a molecule that enters cells by facilitated diffusion (Lin, 1976) . Consistent with the involvement of a transport system, the addition of a tenfold concentration of non-labelled PZA also inhibited the accumulation of radioactive PZA (Fig. 2b) , demonstrating that the uptake system can be saturated, as expected for a transport system. The possibility that PZA is taken up by a transport system devoted to nicotinamide, a structural analogue of PZA, was investigated by adding a tenfold concentration of non-labelled nicotinamide. As shown in Fig. 2b , the addition of nicotinamide also resulted in the inhibition of the uptake of [14C]PZA. The structural analogues POA (in both acidic and neutral conditions), INH and cytosine, as well as the unrelated glucose, did not compete for the uptake of the drug (data not shown), pointing to the specificity of the transport system. It was thus concluded that the uptake of PZA occurs via a selective transport system.
To further characterize the transport sytem involved in the uptake of PZA, we investigated the possible involvement of energy dependency in the system by testing the effects of two molecules known to inhibit ion-driven transport in mycobacteria (Prasad et al., 1976; Bardou et af., 1998) . Thus, a protonophore (CCCP) acting on the transmembrane proton electrochemical potential (ApH+) and known to completely inhibit the uptake of proline at lop5 M (Bardou et al., 1998) , or valinomycin in the presence of 50 m M KC1, which reduces transmembrane potential, were added to the bacterial suspensions 15 min before the labelling experiments. Neither of these conditions modified the uptake of PZA, demonstrating that the PZA and nicotinamide uptake system is not coupled to an ion gradient (data not shown Pyrazinamide uptake by mycobacteria to deplete ATP in mycobacterial cells (Prasad et al., 1976) , resulted in the reduction of the initial uptake velocitv of PZA by a factor of two ( Fig. 3) . Since this concentration of arsenate has no effect on PZase activity (unpublished results), it was obvious that an ATPdependent transport system located in the plasma membrane is involved in the uptake of PZA; however, based on the observed data, it is not possible to discriminate between an active primary transport system using ATP as energy source and a facilitated transport followed by a metabolic step involving ATP.
Diffusion of PZA through the outer envelope of M. tuberculosis
Mycobacteria possess a complex cell envelope composed of a capsule, a cell wall and a plasma membrane (Daffe & Draper, 1998) . Entry of metabolites and drugs into the bacterial cell can be divided into two steps: (i) diffusion through the outer envelope (capsule, cell wall) ; and (ii) penetration through the plasma membrane into the cell cytoplasm. The uptake initial velocity is an overall parameter that is related to the velocity of the Fig. 3 . Effects of arsenate, an inhibitor of the production of ATP, on PZA initial uptake. 4, Control uptake; 0, uptake in the presence of 50 mM arsenate.
slowest step of the above process. It is currently assumed that the mycolic acids that are covalently linked to the cell wall arabinogalactan represent the basis of a hydrophobic outer layer in mycobacteria which presents some analogies with the outer membrane of Gramnegative bacteria (Daffe & Draper, 1998; Brennan & Nikaido, 1995) . As this layer may represent a limiting step for diffusion of PZA, a water-soluble molecule, we first compared the uptake of glycerol, a well-known hydrophilic substance used by mycobacteria as a carbon source, by two isogenic strains of M. tuberculosis, a clinical isolate (Mt103) and its insertional mutant (MYC1.554) defective in the production of antigen 85C, one of the mycoloyl transferases of M. tuberculosis (Belisle et al., 1997) . The mutant elaborates 40% less covalently linked mycolic acids and was shown to take up glycerol with an initial velocity significantly higher than the parent strain (Jackson et al., 1999) , validating the existence of the postulated hydrophobic barrier. This pair of strains was then used to determine the influence of the hydrophobic layer of the outer envelope on the uptake of PZA. In contrast to glycerol (Jackson et al., 1999) , no difference was observed between the uptake of PZA by the two isogenic M. tuberculosis strains (data not shown), suggesting that the diffusion of glycerol through the outer envelope of M. tuberculosis, but not that of PZA, represents a limiting step in the uptake of the molecule.
The difference in the diffusion pattern of the two molecules in the outer cell envelope layer may be the consequence of the higher hydrophilicity of glycerol, resulting in a slower diffusion of this molecule through the hydrophobic barrier. To test this hypothesis, the diffusion of the two molecules was followed through a model hydrophobic membrane, multilayered vesicles of phosphatidylcholine. Such vesicles (liposomes) suspended in an isotonic solution of a diffusable molecule swell owing to a compensatory entry of water.
Using 25-30mM of the different compounds, a con- centration much higher than the M used in the uptake assays with whole bacteria but necessary for diffusion experiments into liposomes, the initial swelling velocity of liposomes was much faster in an isotonic solution of PZA than in that of glycerol (Fig. 4a) , as postulated. Although these results with liposomes can not be extrapolated to those obtained in uptake assays with whole bacteria due to the range of concentrations used, they clearly demonstrated that PZA has a greater diffusibility than glycerol through a hydrophobic layer.
Because the hydrophilic PZA may also enter mycobacteria through the OmpATb-porin-like proteins recently shown to be present in the cell walls of M . tuberculosis (Senaratne et al., 1998) , the contribution of OmpATb to the uptake of PZA was investigated. The presence of OmpATb slightly increased the diffusion of PZA into liposomes (Fig. 4b) ; the significance of the difference is, however, not clear. Nevertheless, it appeared that the occurrence of porin in the outer cell envelope does not greatly affect the intrinsic high diffusion rate of PZA through hydrophobic barriers and that diffusion of the molecule through the outer envelope of M . tuberculosis is not the limiting step in the uptake of the drug, consistent with the observed lack of increase of the uptake of PZA in the mutant having 40 % less cellwall-linked mycolic acids in the outer layer (see above).
PZA uptake by naturally PZA-resistant mycobacteria
As functionally active PZase may be produced by some naturally resistant mycobacterial species (Table 1) , the uptake of the drug, a prerequisite for its activation into POA, by these bacilli was investigated. As shown in Fig.  5 , only two out of the four strains examined showed a significant uptake of PZA; the PZA-negative strain of M . avium we studied exhibited the same initial uptake velocity as M . tuberculosis whereas M . kansasii showed a much lower velocity for the uptake of the drug. In contrast, neither M . bovis BCG nor M . smegmatis took up PZA. In the same experimental conditions, the latter species transported glycerol in a fashion similar to that of M . tuberculosis and PZase activity was demonstrated in the M. smegmatis sonicate (data not shown). It follows then that not all mycobacterial strains have a transport system able to take up PZA.
DISCUSSION
The present study was undertaken in order to explain some of the resistance mechanisms of mycobacteria to PZA and focussed on the uptake of the drug by bacterial cells, an important issue that has not been investigated previously. We first demonstrated that PZase, the enzyme that catalyses the conversion of PZA into the bactericidal POA, is not exposed on the bacterial surface, implying that the drug has to gain entry into the cells prior to its activation. This entry is ATP-dependent as proved by the inhibition of the uptake of PZA by the addition of arsenate and assays in low temperature conditions; it was not possible, however, to discriminate Pyrazinamide uptake by mycobacteria between an ATP-driven active transport through the plasma membrane from a facilitated diffusion through the cell envelope followed by an ATP-dependent step. As suggested by competition experiments, PZA uses the system naturally devoted to the transport of the physiologically important nicotinamide molecule. In Escherichia coli, uptake of nicotinamide is reduced by inhibitors of glycolysis and uncouplers of ATI' production (Tritz, 1987) , a result consistent with our observittion in M . tuberculosis.
To reach its activation site, PZA has to diffuse through the complex mycobacterial cell envelope, which contains, in addition to the conventional plasma membrane, a hydrophobic barrier composed of cell wall mycolates (Daffe & Draper, 1998; Brennan & Nikaido, 1995) . From the data obtained on liposomes, proteoliposonies and the M . tuberculosis mutant defective in the synthesis of one mycoloyl transferase, it appeared that the diffusion of PZA through the outer cell layers was not the limiting step of the overall process of its uptake.
M . tuberculosis, in contrast to many other mycobacteria, is susceptible to PZA and the acquired resistance of clinical isolates to the drug has been proved to be commonly due to mutations in the pncA gene, which encodes the activating enzyme PZase (Scorpio & Zhang, 1996) . However, no mutation in the pncA gene has been found in some strains of M . tuberculosis with acquired PZA resistance (Scorpio et d., 1997) and different naturally PZA-resistant mycobacterial species have been found to possess PZase (Konno et al., 1967) .
The best example of the latter category is the PZAresistant strain of M . avium which has been shown to possess a functionally active pncA gene (Sun et al., 1997) . It followed then that further mechanisms of resistance remained to be elucidated. One of these was identified in the present study as being the failure of PZA uptake by resistant strains. This conclusion is supported by the expected observation that M . smegmatis, which does not take up PZA, is resistant to the drug. We also and PZase activities could be attributable to different sensitivities of the tests used. However, this hypothesis is unlikely since we used 4 m M concentrations of nicotinamide and PZA, i.e. at least tenfold the highest K , determined for the two amides in mycobacteria (Boshoff & Mizrahi, 1998) ; using this optimal condition, Tarnok & Rohrscheidt (1976) also found both nicotinamidasenegative/PZase-positive and nicotinamidase-positive/ PZase-negative strains among the mycobacteria they examined, demonstrating that the failure to detect one of the enzyme activities was not due to the lack of sensitivity of the tests used. Thus, our data may be explained by the occurrence of more than one amidase able to hydrolyse nicotinamide in mycobacteria, one of which can also hydrolyse PZA. This hypothesis is also supported by several earlier observations, among them the fact that M . kansasii can hydrolyse nicotinamide but not PZA (Tacquet et al., 1967) whereas 'Mycobacterium thamnopheos ' hydrolyses PZA but not nicotinamide (Bonicke, 1960) and ' Mycobacterium balnei' will grow on PZA as nitrogen source but not on nicotinamide (Tsukamura & Tsukamura, 1966) . A parallel of the proposed phenomenon would be the mycobacterial catalases : different species possess one or more catalases (Bartholomew, 1968; Quemard et al., 1995; Wayne & Diaz, 1988 ) and one of these has an additional peroxidase activity. Further studies on these poorly studied mycobacterial amidases are warranted. 
